INTRODUCTION
With presently available instrumentation the absolute energies of muonic x-ray transitions can be determined with a relative accuracy of about 2 x 10 , if adequate calibration sources are available in the energy region of interest.
Before nuclear parameters can be extracted from muonic x-ray experiments, however, it is important to assess all the higher order corrections to the muonic energy levels and to be aware of the uncertainties with which these corrections can, at present, be computed. of the states |n£j> of a muonic atom, i.e., B(n£j) = me -E(n&j), where the 2 energies E(n£j) < me . The notation n&j refers to the description of the quantum state of the muon in the non-relativistic limit.
Transition energies (muonic x-ray energies) for a transition from a state where c is approximately the radius at which p(c) =0.50 p(0) and t = (4£n3)a -2.417 fm is the approximate distance over which p(r) falls from 90%
to 10% of its value at r = 0. As compared to more realistic charge distributions, the relative error of using the distribution (3) - (5) is of the order of 10~ for the largest correction (the Uehling polarization) discussed here, and is negligibly small for the other corrections.
VACUUM POLARIZATION CORRECTIONS
The vacuum-polarization correction AB vp (n£j) is caused by emission and re-absorption of virtual electron-positron pairs in the field of the nucleus, an effect which causes a modification of the effective electro-magnetic potential in which the muon moves (like in a dielectric medium!).
We divide the vacuum polarization into four parts:
The four parts which will be discussed separately correspond to different types of Feynman diagrams.
2.1 AF> vpi (n£j), Uehling Terr.
The lowest order term of this correction is represented by Diagram a), which represents the correction of order a(Za), or the second-order correction.
[The order of the correction is defined here a^ the number of vertices (= powers ot e in the process) minus two. The "normal" (lowest order l^"*****^inter- -X e f p(r' ) r'drr') -K( |r -r•
The nuclear charge distribution p(r) is here normalized to unity / p(r)d r = 1.
The function K(x) is defined by the integral The correction AB is relatively easy to evaluate and the numerical results are accurate within an eV. For the analysis of muonic x-ray data it is necessary to compute AB vpi for each level involved using the same nuclear charge distribution that is used to compute the zero-order electrostatic potential in the data-fitting pi.-ocedure.
The Uehling vacuum-polarization correction, as computed with the twoparameter Fermi charge distribution of Eqs. (3) -(4), is presented in Table 1 for some selected values of 2 and A. In addition to '.he values presented in 
Ze
The expressions of Kallen and Sabry (55 Ka) can be reduced to a potential V., (r) (see 12 Bit) which must be folded with the finite charge distribution so that the finite size of the nucleus is taken into account. Figure 2 shows the "Kallen" correction B j (n£j) calculated with the charge distribution of Eq. (3). The vacuum polarization correction B vpiI (n£j) is positive, i.e., it increases the binding energy of the muon.
AB vpn , a(Za) term
In deriving the Uehiing potential (7) The vacuum polarization correction AB vpm has been calculated by Rinker and Nilets (75 Ri) to all orders n in a(Zcx) n (n -odd) using the nuclear charge distribution (3). Figure 3 shows a plot of the results of these calculations. 
This estimate is sufficient for muonic x-ray analysis, since even for the Is,,-state of muonic U, the correction amounts to about AB.. piv (U, Is. ,_) = + 7 eV, which is considerably smaller than the experimental errors.
It is fair to say that the total vacuum polarization correction AB vp (nJtj)
can at present be computed with an accuracy of a few eV.
THE SELF-ENERGY OR LAMB-SHIFT CORRECTION AB LS (n£j)
We 
-E '
where \\i> are the various muonic states, is, however, cumbersome to compute with good accuracy. Barrett et al. (68 Ba) replaced Ae by the binding energy B(y) of the muon state |u>, using £ = 2B(u) to produce a lower limit and £ = B(u)/2 to produce an upper limit of the value of the Bethe logarithm.
Bethe and Negele (68 Be) have derived rigorous upper and lower limits, which result in somewhat smaller errors than Barrett's approach. Better calculations of the Bethe logarithm which, in principle, should not present any serious difficulties, would be highly desirable for the analysis of muonic x-ray data.
For the Is,,-state of muonic Pb, the correction is: &B LSI (ls 1/2 ) = -(3.208 ± 0.187) keV (Bethe-Negele limits).
The vacuum polarization correction AB vp (n£j) due to the creation and re-absorption of virtual muon pairs represented by the graph is also of order a(Zot), and is usually included in the Lamb-shift correction for ease of computation, although it is of course a true vacuum polarization correction.
*.2 AB 2 2 (14)
For the muonic Pb Is, ,_ state this correction amounts to AB-. p (Is. ,") = + 0.247 keV, with a negligible error.
In view of the experimental accuracy with which muonic x-ray energies can be determined today, higher order vertex corrections to the Lamb shift must be considered. We assign, somewhat artificially, an error of (18) to the total Lamb-shift correction.
The total Lamb-shift correction is plotted in Fig. 4 . In some points the approximate errors are indicated.
RELATIVISTIC NUCLEAR MOTION (RECOIL) CORRECTION AB R (n£j)
The Dirac equation is solved by using the reduced muon mass For a reliable analysis of muonic x-ray data, the nuclear polarization correction must be computed for each nucleus individually.
m -^!L (19)
red
